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Abstract 

Introduction: Prior research supports an association between endogenous sex steroids and breast cancer among 
postmenopausal women; the association is less clear among premenopausal women. 

Methods: We evaluated the associations between estrogens, androgens, progesterone and sex hormone binding 
globulin (SHBG) and breast cancer in a nested case-control study in the Nurses' Health Study II. Between 1996 and 
1999, 29,611 participants provided blood samples; 18,521 provided samples timed in early follicular and mid-luteal 
phases of the menstrual cycle. A total of 634 women, premenopausal at blood collection, developed breast cancer 
between 1999 and 2009 and were matched to 1,264 controls (514 cases and 1,030 controls with timed samples). 
We used conditional logistic regression controlling for breast cancer risk factors for overall analyses; unconditional 
logistic regression additionally controlling for matching factors was used for subgroup analyses. 

Results: In analyses of premenopausal estrogens including breast cancers diagnosed both before and after 
menopause, there was no association between follicular estradiol, estrone and free estradiol and risk of either total 
or invasive breast cancer. Luteal estradiol was positively associated with estrogen receptor positive (ER 
+)/progesterone receptor positive (PR+) cancers (5 th vs. 1 st quintile odds ratio (OR): 1.7 (95% confidence interval 
(CI): 1.0 to 2.9), P trend = 0.02). Luteal estrone, free estradiol and progesterone were not associated with risk. 
Androgens were suggestively or significantly associated with risk when the sample was restricted to invasive 
tumors (for example, testosterone: OR: 1.4 (1.0 to 2.0), P trend = 0.23) and ER+/PR+ disease (testosterone: OR: 1.7 (1.1 
to 2.6) P trend = 0.10; dehydroepiandrosterone sulfate (DHEAS) OR: 1.3 (0.8 to 2.0) P trend = 0.05). SHBG was not 
associated with breast cancer risk. The results varied by menopausal status at diagnosis, with follicular estradiol 
suggestively positively associated with breast cancers in women premenopausal at diagnosis (OR: 1.1 (0.9 to 1.3) 
and significantly inversely associated with postmenopausal disease (OR: 0.6 (0.4 to 0.9); Pheterogeneity < 0.01). 

Conclusions: Androgens were associated with modestly increased risk of breast cancer in this population, with 
stronger associations for invasive and ER+/PR+ disease. Luteal phase estradiol levels were suggestively associated 
with ER+/PR+ tumors but no other strong associations were observed with estrogens. Associations with follicular 
phase estrogens may vary by menopausal status at diagnosis, but case numbers were limited. Additional studies to 
confirm the role of premenopausal hormones in the etiology of both premenopausal and postmenopausal breast 
cancer are needed. 
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Introduction 

Experimental data support an association between estro- 
gens and breast cancer risk, and suggest that androgens 
also may alter risk. Estrogens are hypothesized to act 
through cell proliferation, decreased apoptosis and pos- 
sibly DNA damage [1]. The role of androgens is more 
complex, with both inhibitory [2,3] and proliferative [3] 
effects previously shown in laboratory studies. 

In epidemiologic studies, circulating sex steroid hor- 
mones are well confirmed to increase risk of postmeno- 
pausal breast cancer [4], but data on these associations in 
premenopausal women are sparse. A major challenge in 
evaluating estrogens and disease risk in premenopausal 
women is the fluctuation in estrogen levels across the 
menstrual cycle. To date there have been seven small (case 
n < 100) [5-11] and three larger prospective studies (case n 
range = 197 to 285) [12-15], including our own [13,14], of 
the association between circulating premenopausal hor- 
mones and breast cancer risk. A positive association 
between circulating estrogens and breast cancer risk was 
suggested in four of the smaller studies [5,6,9,11], but only 
one of the larger studies [13] (a subset of the population 
included in this analysis). Data are more consistent for cir- 
culating androgens, with higher premenopausal androgen 
levels associated with increased risk [5,8,12-15]. Only 
three prior studies, including our initial reports, evaluated 
results by tumor hormone receptor status [13-15], a parti- 
cularly important consideration given the substantial data 
suggesting heterogeneity in risk factor associations by 
tumor hormone receptor status [16-19]. 

Given the limitations of the prior literature, we con- 
ducted a nested case-control study in the Nurses' Health 
Study II (NHSII) to examine associations among breast 
cancer, overall and by hormone receptor subtype, and 
plasma estrogens and progesterone by menstrual cycle 
phase, as well as androgens and sex hormone binding glo- 
bulin (SHBG). The current analyses include six additional 
years of follow-up and more than double the number of 
cases compared to our initial evaluations [13,14]. 

Materials and methods 

The NHSII began in 1989 when 116,430 female registered 
nurses, ages 25 to 42 y, completed a mailed questionnaire. 
The participants have been followed biennially to update 
exposure information and ascertain disease diagnoses. 
Between 1996 and 1999 the blood cohort (n = 29,611), a 
subset of the study population, ages 32 to 54 y, provided 
blood and urine samples. 

Women who had not used oral contraceptives, been 
pregnant or breastfed within the past six months (n = 
18,521) provided blood samples timed within the early 
follicular (days 3 to 5 of the menstrual cycle) and mid- 
luteal (seven to nine days prior to the expected start of 
the next menstrual cycle) phases of the menstrual cycle; 



the remainder provided single untimed samples. Partici- 
pants were mailed a sample collection kit with detailed 
instructions and a questionnaire. Women providing 
timed samples separated, then froze the follicular plasma 
8 to 24 hours after collection, and stored this sample in 
their home freezer to be shipped with the luteal phase 
sample. After collection of the luteal sample, or untimed 
sample, samples were sent with an ice pack via overnight 
courier to our laboratory where they were processed and 
have been subsequently stored in continuously moni- 
tored liquid nitrogen freezers at < -130°C. Approximately 
93% of samples were received within 26 hours of collec- 
tion. The stability of sex steroids using these blood col- 
lection methods has been previously validated [20,21]. 
A total of 97% of the women providing timed samples 
returned a postcard with the start date of the next men- 
strual cycle, which allows for precise calculation of luteal 
phase collection timing using backward dating. Follow- 
up of the blood cohort through the 2009 cycle is 94.5%. 
This investigation was approved by the Institutional 
Review Board of the Brigham and Women's Hospital. 
Informed consent was implied by receipt of completed 
questionnaires and blood samples. 

Case and control selection 

Participants report disease status on the biennial NHSII 
questionnaires. Cases included in this analysis were pre- 
menopausal at blood collection, reported no prior cancer 
diagnosis, and were diagnosed with breast cancer through 
the 2009 biennial questionnaire; 634 breast cancer cases 
were identified. Breast cancer cases were confirmed 
through medical record review by a study physician; inva- 
sive vs. in situ and hormone receptor status was abstracted 
from the medical record. Of the 634 cases identified, 607 
(95.7%) were confirmed through medical record review; 
the remaining 27 cases (4.3%) were verbally confirmed by 
the nurse but medical records were not available. Given 
the high confirmation rate by medical record for breast 
cancer in this cohort (99%), all cases are included in this 
analysis. Among the 634 cases, 428 were invasive and 295 
were ER+/PR+. A total of 425 women were premenopau- 
sal at diagnosis, while 144 were postmenopausal at diagno- 
sis (timed and untimed samples). 

Cases were diagnosed an average of 6.2 years after blood 
draw (range 1 month to 13 years). Each case was matched 
to two controls on age at blood draw (± 2 years), meno- 
pausal status at the time of the case's diagnosis, race/ethni- 
city (African-American, Asian, Hispanic, Caucasian, 
other), luteal day of menstrual cycle (defined as the date of 
a woman's next period minus the date of the luteal blood 
draw, ± 1 day; timed samples only), and for each blood 
collection, fasting status (< 2, 2 to 4, 5 to 7, 8 to 11, and 
12+ hours), month and year (± 2 months) and time of day 
of blood collection (± 2 hours). 
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Laboratory assays 

Case-control sets, as well as follicular and luteal samples 
from the same person, were assayed together. Samples 
were ordered randomly within a set, and laboratories were 
masked to both case-control status and repeated samples 
within woman. Samples were assayed for estrogens and 
testosterone in five batches at either Quest Diagnostics 
(San Juan Capistrano, CA, USA) by radioimmunoassay 
preceded by organic extraction and celite chromatography 
(batches 1 and 2) [22-24] or the Mayo Clinic (Rochester, 
MN, USA) by liquid chromatography-tandem mass spec- 
trometry (batches 3 to 5). Results from a pilot study 
showed a correlation of > 0.9 between these two methods. 
The first four of five total batches of progesterone, SHBG, 
and dehydroepiandrosterone sulfate (DHEAS) were 
assayed at the Royal Marsden Hospital (London, UK) by 
chemiluminescence immunoassay and an Immulite autoa- 
nalyzer (Diagnostic Products, Gwynedd, UK). Batch 5 of 
progesterone and SHBG were assayed at Massachusetts 
General Hospital (Boston, MA, USA); progesterone was 
assayed using automated immunoassay and SHBG using 
an automated two-site chemiluminescent immunometric 
assay (ARCHITECT 8 , Abbott Diagnostics, Chicago, IL). 
Batch 5 of DHEAS was assayed at the Mayo Clinic by a 
solid-phase, chemiluminescent enzyme immunoassay (Sie- 
mens Healthcare Diagnostics, Deerfield, IL, USA). Masked 
replicate quality control samples (10% of the samples) 
were included in each batch to assess coefficients of varia- 
tion (CVs). Average CVs within batch ranged from 5% for 
DHEAS to 14% for SHBG, with the exception of proges- 
terone for which the CV was 17% in one batch (CVs for 
progesterone 7 to 15% in remaining batches). Free estra- 
diol and free testosterone were calculated using the for- 
mula described by Sodergard et al. [25]. 

Covariate data 

Lifestyle factors and other exposures were collected on the 
biennial questionnaire, as well as a questionnaire com- 
pleted at the time of blood collection. Covariates included 
in this analysis were (year of data collection): age at 
menarche (1989), height and weight at age 18 (1989; used 
to calculate body mass index (BMI), kg/m 2 ), parity (bien- 
nially), age at first birth (biennially), family history of 
breast cancer (1989 and 1997; mother and/or sister), his- 
tory of benign breast disease (biennially). 

Statistical methods 

Statistical outliers were identified on the log 2 scale for 
each hormone by menstrual phase using the extreme 
Studentized deviate many-outlier procedure [26], with as 
many as 11 values excluded (luteal free estradiol). We 
created quintiles of hormones and SHBG using the con- 
trol distributions for overall analyses and quartiles based 
on the control distribution for analyses of premenopausal 



vs. postmenopausal breast cancer. To adjust for between- 
batch differences in hormone distributions, we used an 
average batch recalibration approach [27], taking into 
account batch, age and BMI, as well as luteal day of col- 
lection and ovulatory status in the cycle of collection for 
luteal samples, and follicular day of collection for follicu- 
lar samples. Results using recalibrated data or using 
batch-specific quantile cutpoints were comparable, hence 
only recalibrated data are presented here. For estradiol, 
free estradiol and estrone, menstrual cycle phase-specific 
quintile cut-points were used (for example, follicular, 
luteal phase). Estimates for doubling of hormone concen- 
trations were assessed modeling the data continuously 
after log 2 transformation. 

We used conditional logistic regression to estimate 
relative risks (RR) and 95% confidence intervals (95% CI) 
in analyses including all cancers. For subgroup and strati- 
fied analyses, we used unconditional logistic regression 
controlling for matching factors. Multivariable models 
were adjusted for BMI at age 18, age at menarche, age at 
first birth and parity, family history of breast cancer, and 
history of benign breast disease. Tests for trend were 
conducted using quantile medians and P-values were cal- 
culated with the Wald statistic. Heterogeneity by hor- 
mone receptor subtype was evaluated using polytomous 
logistic regression [28], using the likelihood ratio test to 
compare a model with separate slopes by case status 
(that is, ER+/PR+, ER-/PR-, control) to a model with the 
same slope for each case group. We conducted analyses 
correcting for measurement error, using samples from a 
within-person reproducibility study [20], to correct for 
and explore the effects of random within-person mea- 
surement error [29,30]. We assessed whether the associa- 
tions between hormone levels and risk varied by 
menopausal status at diagnosis, age at blood draw, BMI, 
duration of oral contraceptive use, or menstrual cycle 
length and pattern by assessing the statistical significance 
of an interaction term included in our models. We cross- 
classified estradiol levels by phase of the menstrual cycle; 
women with low levels (below the median) in both the 
follicular and luteal phase were used as the referent 
group. Finally, we conducted secondary analyses 
restricted to women with ovulatory cycles (defined by 
mid-luteal progesterone > 400 ng/dL) at the time of 
blood collection, as well as to cases diagnosed (and con- 
trols selected) at least two years after blood collection. 

All statistical tests are two-sided; P < 0.05 was used to 
define statistical significance. Analyses were conducted 
in SAS v. 9.2 (Cary, NC, USA). 

Results 

Cases and controls were similar with regards to most 
breast cancer risk factors (Table 1), including age at 
menarche, parity, age at first birth and BMI. However, 
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Table 1 Age-adjusted characteristics of study participants 
by case/control status: Nurses' Health Study, 1999 to 
2009 





Cases 
(n = 634) 


Controls 
(n = 1,264) 


Age at blood collection* 


43.5 (4.0) 


43.3 (3.9) 


BMI (kg/m 2 ) at blood collection 


24.9 (4.8) 


25.7 (5.9) 


BMI (kg/m 2 ) at age 18 


20.8 (2.9) 


21.1 (3.0) 


Age at menarche 


12.4 (1.3) 


12.5 (1.4) 


Parous, % 


80 


81 


Age at first birth** 


27.4 (4.5) 


26.7 (4.5) 


Luteal day, prior to next cycle 


8.4 (3.1) 


8.4 (2.9) 


Follicular day, after cycle start 


4.0 (0.8) 


4.0 (1.3) 


Menopausal status at diagnosis 






Premenopausal, % 


67 


69 


Postmenopausal, % 


23 


23 


Perimenopausal/Unknown, % 


10 


8 


Family history of breast cancer, % 


18 


10 


History of benign breast disease, % 


22 


14 



Values are means (SD) or percentages and are standardized to the age 
distribution of the study population. *Value is not age adjusted. **Among 
parous women. 



cases were more likely than controls to have a history of 
benign breast disease and family history of breast can- 
cer. Participants were predominantly premenopausal at 
diagnosis (67%). 

There were no associations between follicular estra- 
diol, estrone and free estradiol and breast cancer risk 
overall, or by invasive, in situ or ER+/PR+ subgroup 
(Table 2). Luteal estradiol was not associated with all 
cancers combined, invasive or in situ cancers, but was 
significantly, positively associated with ER+/PR+ cancers 
(5 th vs. 1 st quintile OR: 1.7, 95% CI: 1.0 to 2.9, P tre nd = 
0.02). After exclusion of women anovulatory in the cycle 
of blood collection, the OR was somewhat attenuated 
and no longer statistically significant (5 th vs. 1 st quintile 
OR: 1.5, 95% CI: 0.8 to 2.7, data not shown). No signifi- 
cant associations were observed for luteal estrone, free 
estradiol or progesterone overall or by subgroup. 

Testosterone was not associated with breast cancer 
overall but was associated with invasive (5 th vs. 1 st OR: 
1.4, 95% CI: 1.0 to 2.0, P trend = 0.23) and ER+/PR+ dis- 
ease (5 th vs. 1 st quintile OR: 1.7, 95% CI: 1.1 to 2.6, 
Puend = 0.10) (Table 3). Free testosterone was similarly 
associated with ER+/PR+ disease (5 th vs. 1 st OR: 1.5, 
95% CI: 1.0 to 2.2, P trend = 0.09). Tests for trend sug- 
gested a positive association between DHEAS and risk 
of ER+/PR+ breast cancer (P t[end = 0.05), but the effect 
estimates did not reach statistical significance (5 th vs. 1 st 
quintile OR: ER+/PR+ = 1.3, 95% CI: 0.8 to 2.0). SHBG 
was not associated with breast cancer risk. 

To examine the importance of menopausal status at diag- 
nosis, we repeated the analyses stratifying by menopausal 



status at diagnosis (premenopausal: case n = 425 overall; 
n = 373 with timed samples; postmenopausal: case n = 144 
overall; n = 104 with timed samples) (Table 4, Additional 
file 1). For the estrogens, among women premenopausal at 
diagnosis, a doubling of follicular estradiol was suggestively 
positively associated with invasive and ER+/PR+ breast can- 
cer (invasive, OR: 1.2, 95% CI: 1.0 to 1.4; ER+/PR+, OR: 1.2 
95% 0.9 to 1.5). In contrast, for women postmenopausal at 
diagnosis, we observed a significant inverse association (all 
cancers, OR: 0.6, 95% CI: 0.4 to 0.9; invasive, OR: 0.6, 95% 
CI: 0.4 to 0.9; ER+/PR+, OR: 0.6, 95% CI: 0.4 to 0.9; iWo- 
geneity all < 0.01). Associations for follicular free estradiol 
were similar to those for total estradiol; follicular estrone 
was not associated with disease in pre- or postmenopausal 
women. Associations with a doubling of luteal estradiol and 
free estradiol were somewhat stronger in premenopausal 
disease as compared to postmenopausal disease (that is, 
luteal estradiol, invasive premenopausal disease OR: 1.2, 
95% CI: 1.0 to 1.6; invasive postmenopausal disease OR: 
1.1, 95% CI: 0.7 to 1.6). However, findings for luteal estra- 
diol were attenuated after restricting them to women with 
ovulatory cycles at blood collection (Additional file 1, 
Table SI). For progesterone, there was no association for 
premenopausal cancer (invasive, OR: 1.1, 95% CI: 0.9 to 
1.2) and an inverse association for postmenopausal cancer 
(invasive, OR: 0.8, 95% CI: 0.7 to 1.0), though these differ- 
ences were not statistically significant (P het = 0.29) and the 
positive association in premenopausal women was attenu- 
ated after exclusion of women with anovulatory cycles. 

The associations between premenopausal androgens 
and breast cancer generally appeared stronger among 
women who were postmenopausal at diagnosis, but 
these differences by menopausal status were not statisti- 
cally significant (Phet > 0.05). For example, for invasive 
breast cancer, premenopausal testosterone was not asso- 
ciated with premenopausal disease (OR: 1.1, 95% CI: 0.8 
to 1.4), but was significantly associated with postmeno- 
pausal disease (OR: 1.8, 95% CI: 1.1 to 2.8) with a simi- 
lar pattern for ER+/PR+ cancers, as well as for free 
testosterone. 

Results were similar when we excluded cases diagnosed 
within two years of blood draw. A small number of women 
providing untimed samples reported exogenous hormone 
use at blood collection (n = 24 cases, 36 controls). Given 
the positive association between exogenous hormone use 
and SHBG in this population (P < 0.001) we conducted 
sub-analyses for SHBG and free testosterone excluding 
these women; results were similar to the overall results. 
Further, with only a few exceptions, the associations did 
not vary significantly by BMI at blood collection, duration 
of past oral contraceptive (OC) use, menstrual cycle char- 
acteristics (that is, length, regularity), or age at blood draw. 
For follicular free estradiol, no significant association was 
observed with BMI < 25 (doubling OR: 1.0, 95% CI: 0.8 
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Table 2 Premenopausal estrogens and progesterone and breast cancer risk: Nurses' Health Study II, 1999 to 2009 





1st Quintile 


2nd Quintile 


3rd Quintile 


4th Quintile 


5th Quintile 






OR (95% CI) 


OR (95% CI) 


OR (95% CI) 


OR (95% CI) 


OR (95% CI) 


Ptrend 


FOLLICULAR 














Estradiol 














Cutpoints, pg/mL 


< 29 


> 29 to 40.9 


> 41 to 51 .9 


> 52 to 73.9 


> 74 




No. cases/No. controls* 


84/1 79 


93/183 


84/1 79 


1 09/1 86 


92/1 82 




Ail cancers 


1.0 (referent) 


1.1 (0.7 to 1.6) 


1 .0 (0.7 to 1 .5) 


1 .2 (0.8 to 1 .7) 


1 .0 (0.7 to 1 .5) 


0.76 


Invasive 


1.0 (referent) 


1 .2 (0.8 to 1 .8) 


1 .0 (0.6 to 1 .6) 


1.4 (0.9 to 2.1) 


1 .0 (0.7 to 1 .6) 


0.70 


ER+/PR+ 


1.0 (referent) 


1.1 (0.7 to 1.8) 


0.9 (0.5 to 1 .5) 


1 .5 (0.9 to 2.4) 


1 .0 (0.6 to 1 .6) 


0.68 


in situ 


1 o (referent) 


1 .0 (0.5 to 1 .8) 


1.1 (0.6 to 1.9) 


0.8 (0.5 to 1 .5) 


1 .1 (0.6 to 2.0) 


0.81 


Free estradiol 














Cutpoints, pg/mL 


< 0.39 


> 0.39 to 0.519 


> 0.52 to 0.669 


> 0.67 to 0.909 


> 0.91 




No. cases/No. controls 


90/178 


80/1 75 


1 04/1 79 


96/1 76 


77/178 




All cancers 


1.0 (referent) 


0.9 (0.6 to 1 .4) 


1.1 (0.7 to 1.5) 


1.1 (0.8 to 1.7) 


0.8 (0.5 to 1 .2) 


0.48 


Invasive 


1.0 (referent) 


1 .0 (0.6 to 1 .5) 


1 .0 (0.6 to 1 .5) 


1 .2 (0.8 to 1 .9) 


0.8 (0.5 to 1 .2) 


0.50 


ER+/PR+ 


1.0 (referent) 


1.1 (0.7 to 1.9) 


1 .2 (0.7 to 2.0) 


1.3 (0.8 to 2.1) 


0.7 (0.4 to 1 .2) 


0.35 


In situ 


1 o (referent) 


0.9 (0.5 to 1 .7) 


1.2 (0.7 to 2.1) 


0.8 (0.5 to 1 .6) 


0.9 (0.5 to 1 .7) 


0.77 


Estrone 














Cutpoints, pg/mL 


< 30 


> 30 to 36.9 


> 37 to 43.9 


> 44 to 55.9 


> 56 




No. cases/No. contro s 


93/1 84 


86/192 


91/176 


1 1 1/184 


88/184 




A cancers 


1.0 (referent) 


0.9 (0.6 to 1 .2) 


1 .0 (0.7 to 1 .4) 


1 .2 (0.8 to 1 .7) 


1 .0 (0.7 to 1 .4) 


0.62 


Invasive 


1.0 (referent) 


0.8 (0.5 to 1 .3) 


1.1 (0.7 to 1.7) 


1.1 (0.7 to 1.7) 


0.9 (0.6 to 1 .3) 


0.92 


ER+/PR+ 


1.0 (referent) 


1.2 (0.7 to 2.0) 


1 .3 (0.8 to 2.2) 


1.6 (1.0 to 2.7) 


1 .2 (0.7 to 2.0) 


0.32 


in situ 


1.0 (referent) 


1.1 (0.6 to 2.0) 


0.8 (0.4 to 1 .5) 


1 .5 (0.8 to 2.6) 


1 .3 (0.7 to 2.3) 


0.22 


LUTEAL 














Estradiol 














Cutpoints, pg/mL 


< 91 


> 91 to 1 16.9 


> 1 17/146.9 


> 1 47 to 1 86.9 


> 187 




No. cases/No. contro s 


90/197 


72/187 


123/187 


1 13/195 


81/193 




A cancers 


1.0 (referent) 


0.8 (0.6 to 1 .3) 


1.5 (1.0 to 2.2) 


1 .3 (0.9 to 1 .9) 


0.9 (0.6 to 1 .4) 


0.65 


Invasive 


1.0 (referent) 


1 .0 (0.6 to 1 .6) 


1.9 (1.3 to 2.9) 


1.5 (1.0 to 2.3) 


1 .3 (0.8 to 2.0) 


0.08 


ER+/PR+ 


1.0 (referent) 


1.2 (0.7 to 2.2) 


2.5 (1.5 to 4.2) 


1.9 (1.1 to 3.2) 


1.7 (1.0 to 2.9) 


0.02 


in situ 


1 .0 (referent) 


0.6 (0.3 to 1 .2) 


1.1 (0.6 to 1.9) 


1 .0 (0.6 to 1 .7) 


0.5 (0.3 to 0.9) 


0.17 


Free estradiol 














Cutpoints, pg/mL 


< 1.20 


> 1 .20 to 1 .49 


> 1.50 to 1.89 


> 1 .90 to 2.39 


> 2.40 




No. cases/No. contro s 


94/188 


95/190 


93/188 


100/189 


87/189 




All cancers 


1 .0 (referent) 


1.1 (0.7 to 1.6) 


1.0 (0.7 to 1.5) 


1.1 (0.8 to 1.6) 


1.0 (0.7 to 1.5) 


0.99 


Invasive 


1.0 (referent) 


1 .2 (0.8 to 1 .8) 


1 .3 (0.9 to 2.0) 


1 .2 (0.8 to 1 .9) 


1 .2 (0.8 to 1 .9) 


0.36 


ER+/PR+ 


1 .0 (referent) 


1 .3 (0.8 to 2.2) 


1 .5 (0.9 to 2.6) 


1.5 (0.9 to 2.6) 


1.3 (0.7 to 2.1) 


0.28 


In situ 


1 .0 (referent) 


0.9 (0.5 to 1 .5) 


0.6 (0.3 to 1.1) 


0.8 (0.5 to 1 .5) 


0.7 (0.4 to 1 .4) 


0.32 


Estrone 














Cutpoints, pg/mL 


< 61 


> 61 to 74.9 


> 75 to 91.9 


> 92 to 11 3.9 


> 1 14 




No. cases/No. controls 


121/198 


84/201 


90/206 


92/201 


1 13/199 




All cancers 


1 .0 (referent) 


0.7 (0.5 to 1.0) 


0.8 (0.5 to 1.1) 


0.8 (0.5 to 1.1) 


0.9 (0.7 to 1.3) 


0.89 


nvasive 


1 .0 (referent) 


0.7 (0.5 to 1.1) 


0.8 (0.5 to 1.2) 


0.8 (0.5 to 1.1) 


1.1 (0.7 to 1.6) 


0.67 


ER+/PR+ 


1 .0 (referent) 


0.5 (0.3 to 0.8) 


0.8 (0.5 to 1.2) 


0.8 (0.5 to 1 .3) 


0.9 (0.6 to 1 .5) 


0.87 


in situ 


1 .0 (referent) 


0.7 (0.4 to 1 .2) 


0.8 (0.4 to 1 .3) 


0.8 (0.5 to 1 .4) 


0.8 (0.4 to 1 .3) 


0.55 


Progesterone 














Cutpoints, ng/dL 


< 743 


> 743 to 1 202.9 


> 1203 to 1600.9 


> 1601 to 2170.9 


> 2171 




No. cases/No. controls 


1 1 3/204 


82/199 


86/204 


1 1 3/200 


1 07/202 




All cancers 


1 .0 (referent) 


0.7 (0.4 to 1 .0) 


0.8 (0.5 to 1.1) 


1 .0 (0.7 to 1 .4) 


0.9 (0.6 to 1 .4) 


0.82 


Invasive 


1 .0 (referent) 


0.7 (0.4 to 1 .0) 


0.7 (0.5 to 1.1) 


1 .0 (0.7 to 1 .5) 


1 .0 (0.6 to 1 .5) 


0.91 


ER+/PR+ 


1 .0 (referent) 


0.6 (0.4 to 1 .0) 


0.7 (0.4 to 1.1) 


1 .0 (0.6 to 1 .6) 


0.9 (0.6 to 1 .5) 


0.74 


in situ 


1 .0 (referent) 


0.7 (0.4 to 1 .2) 


0.8 (0.4 to 1 .4) 


0.8 (0.4 to 1 .4) 


0.8 (0.5 to 1 .5) 


0.43 



All cancers: Conditional logistic regression for all cancers controlling for age at menarche, parity/age at first birth, BMI at age 1 8, family history of breast cancer, history 
of benign breast disease. Invasive, ER+/PR+, in situ tumors: Unconditional logistic regression for invasive, ER+/PR+, and in situ disease controlling for factors listed above 
and matching factors. *No. cases/No. controls are for all cancers; Overall No. cases/No. controls for invasive and ER+/PR+ cancers are in Table 4. 
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Table 3 Premenopausal androgens and SHBG and breast cancer risk: Nurses' Health Study II, 1999 to 2009 



1st Quintile 
OR (95% CI) 



2nd Quintile 
OR (95% CI) 



3rd Quintile 
OR (95% CI) 



4th Quintile 
OR (95% CI) 



5th Quintile 
OR (95% CI) 



Testosterone 

Cutpoints, ng/c!L < 19 > 19 to 22.9 > 23 to 27.9 > 28 to 34.9 > 35 

No. cases/No. controls* 1 26/259 1 22/244 1 07/246 1 1 8/240 1 50/256 

All cancers 1 .0 (referent) 1 .0 (0.7 to 1 .4) 0.9 (0.6 to 1 .2) 0.9 (0.7 to 1 .3) 1 .2 (0.9 to 1 .7) 

Invasive 1.0 (referent) 1 .2 (0.8 to 1 .7) 1 .0 (0.7 to 1 .4) 0.9 (0.6 to 1 .3) 1.4 (1.0 to 2.0) 

ER+/PR+ 1.0 (referent) 1.5 (1.0 to 2.3) 1.1 (0.7 to 1.8) 1 .0 (0.6 to 1 .5) 1.7 (1.1 to 2.6) 

In situ 1 .0 (referent) 0.9 (0.5 to 1 .5) 0.9 (0.5 to 1 .5) 1 .2 (0.7 to 1 .9) 1 .0 (0.6 to 1 .7) 
Free testosterone 

Cutpoints, ng/dL < 0.14 > 0.14 to 0.179 > 0.18 to 0.239 > 0.24 to 0.309 > 0.31 

No. cases/No. controls 130/248 108/246 137/249 100/246 142/248 

All cancers 1.0 (referent) 0.8 (0.6 to 1 .1) 1 .0 (0.7 to 1 .4) 0.8 (0.6 to 1.1) 1.1 (0.8 to 1.5) 

Invasive 1.0 (referent) 0.9 (0.6 to 1.3) 1.1 (0.8 to 1.6) 0.9 (0.6 to 1.3) 1.1 (0.8 to 1.6) 

ER+/PR+ 1 .0 (referent) 1 .0 (0.6 to 1 .5) 1.1 (0.7 to 1.7) 1 .0 (0.6 to 1 .5) 1.5 (1.0 to 2.2) 

In situ 1.0 (referent) 0.9 (0.6 to 1 .6) 1.1 (0.7 to 1.8) 0.7 (0.4 to 1 .3) 1.3 (0.8 to 2.1) 
DHEAS 

Cutpoints, ug/dL < 55 > 55 to 76.9 > 77 to 100.9 > 101 to 135.9 > 136 

No. cases/No. controls 123/249 96/253 136/250 146/251 127/251 

All cancers 1 .0 (referent) 0.8 (0.5 to 1 .1) 1.1 (0.8 to 1.6) 1 .2 (0.9 to 1 .6) 1 .0 (0.7 to 1 .4) 

Invasive 1 .0 (referent) 0.8 (0.5 to 1 .1) 1.1 (0.8 to 1.6) 1.1 (0.8 to 1.6) 1.1 (0.7 to 1.5) 

ER+/PR+ 1.0 (referent) 0.9 (0.5 to 1 .4) 1 .4 (0.9 to 2.2) 1 .5 (1 .0 to 2.2) 1 .3 (0.8 to 2.0) 

In situ 1 .0 (referent) 0.8 (0.5 to 1 .4) 1 .0 (0.6 to 1 .7) 1 .3 (0.8 to 2.2) 0.9 (0.5 to 1 .6) 
SHBG 

Cutpoints, nmol/mL < 40 > 40 to 54.9 > 55 to 70.9 > 71 to 91.9 > 92 

No. cases/No. controls 110/253 117/245 131/249 136/249 130/250 

All cancers 1.0 (referent) 1 .1 (0.8 to 1 .5) 1 .2 (0.8 to 1 .6) 1 .2 (0.9 to 1 .7) 1 .2 (0.8 to 1 .6) 

Invasive 1.0 (referent) 1 .2 (0.8 to 1 .8) 1.4 (1.0 to 2.0) 1 .3 (0.9 to 1 .9) 1 .3 (0.9 to 1 .9) 

ER+/PR+ 1.0 (referent) 1 .1 (0.7 to 1 .7) 1 .3 (0.8 to 2.0) 1 .3 (0.9 to 2.0) 1 .2 (0.8 to 1 .8) 

In situ 1 .0 (referent) 0.8 (0.5 to 1 .4) 0.9 (0.5 to 1 .5) 1 .0 (0.6 to 1 .7) 0.8 (0.5 to 1 .4) 



0.32 
0.23 
0.10 
0.64 



0.61 
0.49 
0.09 
0.47 



0.30 
0.29 
0.05 
0.62 



0.23 
0.13 
0.35 
0.72 



All cancers: Conditional logistic regression for all cancers controlling for age at menarche, parity/age at first birth, BMI at age 18, family history of breast cancer, 
history of benign breast disease. Invasive, ER+/PR+, in situ tumors: Unconditional logistic regression for invasive, ER+/PR+, and in situ disease controlling for factors 
listed above and matching factors. *No. cases/No. controls are for all cancers; Overall No. cases/No. controls for invasive and ER+/PR+ cancers are in Table 4. 



to 1.3) and an inverse association was observed for women 
with BMI > 25 (doubling OR: 0.6, 95% CI: 0.4 to 0.9; P het = 
0.04). Similarly, there was no association between proges- 
terone and breast cancer risk in women age < 45 at blood 
draw (doubling ER+/PR+, OR: 1.1, 95% CI: 0.9 to 1.3) and 
a suggestively inverse association in women > 45 (doubling 
ER+/PR+, OR: 0.8, 95% CI: 0.7 to 1.0). 

Estradiol, testosterone and DHEAS appeared more 
strongly associated with ER+/PR+ tumors, as compared to 
overall associations (Tables 2, 3, 4). However, with one 
exception we observed no statistical heterogeneity by 
tumor hormone receptor subtypes (ER+/PR+ vs. ER-/PR-, 
all Phet > 0.05). For follicular estrone, there was a sugges- 
tive positive association for ER+/PR+ disease (doubling 
OR: 1.2, 95% CI: 0.9 to 1.7) and an inverse association for 
ER-/PR- disease (doubling OR: 0.6, 95% CI: 0.3 to 1.3) 
CPhet = 0.01), although these results were limited by a 
small number of ER-/PR- cases (60 timed samples). 



We conducted analyses cross-classifying follicular and 
luteal phase estradiol and no clear pattern emerged. For 
example, for invasive breast cancer ORs were 1.7 (95% 
CI: 0.8 to 1.8) for high follicular/low luteal estradiol, 1.5 
(95% CI: 1.0 to 2.3) for low follicular/high luteal estra- 
diol, and 1.3 (95% CI: 0.9 to 1.9) for high estradiol in 
both phases, all relative to low estradiol in both phases. 

We corrected the hormone/breast cancer associations 
for within-person variability and laboratory measurement 
error using our prior reproducibility study results [13,20]. 
Results for hormones with either high intraclass correla- 
tion coefficients (ICCs) or weak (or null) associations 
were largely similar before and after correction. For 
example, a doubling of DHEAS (ICC = 0.87) was asso- 
ciated with a 10% increase in risk of invasive disease both 
before and after measurement error correction (before, 
OR: 1.1, 95% CI: 0.9 to 1.2); after, OR: 1.1, 95% CI: 0.9 to 
1.3). Results were substantially strengthened for several 
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Table 4 Doubling of sex steroids and SHBG and breast cancer risk: Nurses' Health Study II, 1999 to 2009 

All Cases* Premenopausal at Diagnosis Postmenopausal at Diagnosis P het 

cases/ cases/ cases/ 

controls OR (95% CI) controls OR (95% CI) controls OR (95% CI) 



FOLLICULAR 
Estradiol 



All cancers 


462/909 


1 .0 (0.9 to 


.2) 


340/677 


1.1 (0.9 to 


.3) 


92/1 76 


0.6 


(0.4 to 


0.9) 


< 0.01 


Invasive 


299/909 


1 .0 (0.9 to 


■2) 


221/677 


1.2 (1.0 to 


A) 


62/1 76 


0.6 


(0.4 to 


0.9) 


< 0.01 


ER+/PR+ 


201/909 


1 .0 (0.8 to 


.2) 


1 52/677 


1 .2 (0.9 to 


.5) 


43/1 76 


0.6 


(0.4 to 


0.9) 


0.01 


Free Estradiol 
























All cancers 


447/886 


1 .0 (0.8 to 


.1) 


330/668 


1.1 (0.9 to 


.-1) 


86/1 62 


0.5 


(0.4 to 


0.8) 


< 0.01 


Invasive 


288/886 


0.9 (0.8 to 


.1) 


214/668 


1 .2 (0.9 to 


.5) 


57/162 


0.5 


(0.3 to 


0.7) 


< 0.01 


ER+/PR+ 


1 94/886 


0.9 (0.8 to 


■D 


146/668 


1 .2 (0.9 to 


.5) 


41/162 


0.4 


(0.3 to 


0.7) 


< 0.01 


Estrone 
























All cancers 


469/920 


1 .0 (0.8 to 


.3) 


347/692 


1 .0 (0.8 to 


.3) 


91/173 


1.0 


(0.6 to 


1.7) 


0.83 


Invasive 


305/920 


1 .0 (0.8 to 


.2) 


227/692 


0.9 (0.7 to 


.3) 


61/173 


0.8 


(0.5 to 


1.4) 


0.85 


ER+/PR+ 


206/920 


1 .2 (0.9 to 


.5) 


1 56/692 


1.1 (0.8 to 


.6) 


43/1 73 


1.0 


(0.6 to 


1.8) 


0.95 


LUTEAL 
























Estradiol 
























All cancers 


479/959 


1 .0 (0.8 to 


■2) 


347/710 


1 .0 (0.8 to 


.3) 


98/1 90 


1.1 


(0.7 to 


1.7) 


0.82 


Invasive 


316/959 


1.2 (1.0 to 


,4) 


232/710 


1.2 (1.0 to 


.6) 


67/1 90 


1.1 


(0.7 to 


1.7) 


0.66 


ER+/PR+ 


215/959 


1.2 (1.0 to 


.5) 


162/710 


1.3 (1.0 to 


.8) 


47/1 90 


1.2 


(0.8 to 


2.1) 


0.80 


Free estradiol 
























All cancers 


469/944 


1 .0 (0.8 to 


.2) 


339/702 


1 .0 (0.8 to 


.3) 


96/1 83 


1.1 


(0.7 to 


1.7) 


0.61 


Invasive 


309/944 


1.1 (0.9 to 


A) 


227/702 


1 .2 (0.9 to 


.5) 


65/183 


1.0 


(0.7 to 


1.7) 


0.52 


ER+/PR+ 


209/944 


1 .2 (0.9 to 


.5) 


157/702 


1 .2 (0.9 to 


.7) 


46/1 83 


1.3 


(0.8 to 


2.3) 


0.88 


Estrone 
























All cancers 


500/1005 


1 .0 (0.8 to 


.2) 


366/751 


0.9 (0.7 to 


.2) 


99/194 


1.3 


(0.8 to 


2.1) 


0.22 


Invasive 


328/1005 


1.1 (0.9 to 


A) 


242/751 


1 .0 (0.8 to 


.3) 


67/194 


1.4 


(0.8 to 


2.2) 


0.34 


ER+/PR+ 


221/1005 


1.1 (0.8 to 


A) 


167/751 


1 .0 (0.7 to 


.-1) 


47/194 


1.5 


(0.9 to 


2.7) 


0.26 


Progesterone 
























All cancers 


501/1009 


1 .0 (0.9 to 


.1) 


368/753 


1 .0 (0.9 to 


.2) 


96/193 


0.9 


(0.7 to 


1.1) 


0.24 


Invasive 


329/1009 


1 .0 (0.9 to 


■ D 


243/753 


1.1 (0.9 to 


.2) 


66/193 


0.8 


(0.7 to 


1.0) 


0.29 


ER+/PR+ 


222/1 009 


1 .0 (0.9 to 


■ D 


168/753 


1 .0 (0.9 to 


.2) 


46/193 


0.8 


(0.6 to 


1.0) 


0.42 


LUTEAL AND UNTIMED 
























Testosterone 
























All cancers 


623/1 245 


1.2 (1.0 to 


,1) 


417/858 


1.1 (0.9 to 


A) 


141/271 


1.3 


(0.8 to 


2.0) 


0.52 


Invasive 


A H 1 /1 H A r 

421/1 245 


1 .2 (1 .0 to 


.5) 


278/858 


1 .1 (0.8 to 


A) 


1 00/271 


1 .8 


(1.1 to 


2.8) 


0.16 


ER+/PR+ 


290/1 245 


1.3 (1.0 to 


.7) 


1 92/858 


1 .2 (0.9 to 


.7) 


70/271 


1.9 


(1.1 to 


3.4) 


0.41 


Free testosterone 
























All cancers 


617/1237 


1 .0 (0.9 to 


.1) 


414/853 


1 .0 (0.8 to 


.2) 


1 38/267 


1.2 


(0.8 to 


1.8) 


0.23 


Invasive 


416/1237 


1 .0 (0.8 to 


■2) 


276/853 


0.9 (0.7 to 


■D 


97/267 


1.3 


(0.9 to 


1.9) 


0.24 


ER+/PR+ 


287/1237 


1.1 (0.9 to 


.3) 


1 90/853 


1 .0 (0.8 to 


.3) 


69/267 


1.7 


(1 .0 to 


2.6) 


0.22 


DHEAS 
























All cancers 


628/1 254 


1.1 (1.0 to 


.2) 


422/861 


1.1 (0.9 to 


.2) 


141/276 


1.1 


(0.8 to 


14) 


0.71 


Invasive 


423/1254 


1.1 (0.9 to 


.2) 


280/861 


1 .0 (0.9 to 


.2) 


1 00/276 


1.1 


(0.8 to 


1.5) 


0.38 


ER+/PR+ 


291/1254 


1.2 (1.0 to 


,1) 


193/861 


1.1 (0.9 to 


A) 


70/276 


1.3 


(0.9 to 


1.9) 


0.22 


SHBG 
























All cancers 


624/1 246 


1.1 (1.0 to 


.3) 


421/859 


1.2 (1.0 to 


A) 


1 38/270 


0.9 


(0.7 to 


14) 


0.27 


Invasive 


420/1 246 


1.2 (1.0 to 


.4) 


280/859 


1.2 (1.0 to 


.5) 


97/270 


1.0 


(0.7 to 


1.5) 


0.66 


ER+/PR+ 


290/1 246 


1.1 (0.9 to 


.3) 


1 93/859 


1 .2 (0.9 to 


■5) 


69/270 


0.9 


(0.6 to 


1.3) 


0.37 



^Includes women of all menopausal statuses at diagnosis (premenopausal, postmenopausal and unknown}. **Phet represents heterogeneity between 
premenopausal vs. postmenopausal status at diagnosis, among women premenopausal at blood collection. All cancers: Conditional logistic regression for all 
cancers controlling for age at menarche, parity/age at first birth, BMI at age 18, family history of breast cancer, history of benign breast disease. Invasive, ER+/PR 
+ tumors: Unconditional logistic regression for invasive and ER+/PR+ disease controlling for factors listed above and matching factors. 
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of the hormones, such as follicular estradiol and testos- 
terone. A doubling of follicular estradiol (ICC = 0.45) 
was associated with a 20% increase in risk of invasive pre- 
menopausal breast cancer in uncorrected estimates (OR: 
1.2, 95% CI: (1.0 to 1.4)), but a 50% increase in risk in 
corrected estimates (OR: 1.5, 95% CI: 0.9 to 2.4), though 
measurement error adjusted results were no longer sta- 
tistically significant. Similarly, a doubling of testosterone 
(ICC = 0.69) was associated with an 80% increase in risk 
of invasive postmenopausal breast cancer (OR: 1.8, 95% 
CI: 1.1 to 2.8) before measurement error correction, and 
a 2.5-fold increase in risk after correction (OR = 2.5, 95% 
CI: 1.2 to 5.4). 

Discussion 

In this prospective study of premenopausal plasma sex 
steroids and SHBG and breast cancer risk, we found 
positive associations between androgens and risk of 
both invasive and ER+/PR+ breast cancer, as well as 
luteal estradiol and risk of ER+/PR+ tumors. Several of 
the associations varied by menopausal status at breast 
cancer diagnosis. Total and free estradiol levels in the 
follicular phase were positively, but not significantly, 
associated with premenopausal invasive and ER+/PR+ 
disease but significantly inversely associated with post- 
menopausal disease. Testosterone levels also appeared 
more strongly associated with postmenopausal breast 
cancer, although these differences were not statistically 
different. We observed no significant associations when 
evaluating all cancers combined. 

The positive associations between endogenous estrogens 
and androgens and postmenopausal breast cancer risk are 
well established in prior epidemiologic studies [4,31-33], 
and biologic mechanisms are well described for estrogens 
[1,34]. Estrogens are associated with increased prolifera- 
tion and decreased apoptosis, and may promote prolifera- 
tion of cells with genetic mutations [1]. The biologic 
mechanism between androgens and breast cancer is less 
established, with androgens demonstrating both growth 
inhibitory [2,3] and proliferative [3] effects in breast cancer 
cell lines. In animal models, androgens have been shown 
to inhibit proliferation [35-37] and the androgen receptor 
antagonist flutamide has been shown to increase epithelial 
cell proliferation [35]. Breast tissue can convert androgens 
to estrogens via aromatase [38] and, therefore, androgens, 
through their conversion to estrogen, also may be indir- 
ecdy associated with breast cancer risk. 

There is an inherent complexity in measuring estrogens 
in premenopausal women given the variation in estrogen 
levels across the menstrual cycle, and prior studies have 
accounted for this in different ways. The eight prior pro- 
spective studies [5-7,9-13] either did not account for 
menstrual cycle day [11], matched cases and controls on 
cycle day [5-7,10], matched cases and controls on cycle 



day and used a spline regression model to adjust for cycle 
differences [9,12], or, as in our prior analysis, restricted 
sample collection to specific windows in the menstrual 
cycle and matched on cycle day [13]. Six of the eight 
prior studies [5-7,9-11] had fewer than 100 cases, with 
four of the six [5,6,9,11] finding non-significant or sug- 
gestive positive associations. Kaaks et al. [12], in the lar- 
gest prior study (case n = 285) in the European 
Prospective Investigation into Cancer and Nutrition 
(EPIC) cohort, found no association with invasive breast 
cancer risk for either estrone (4 th vs. 1 st quartile OR: 1.2, 
95%: 0.7 to 1.9, P trend = 0.46) or estradiol (OR: 1.0, 95%: 
0.7 to 1.5, -Ptrend = 0.89). A prior analysis in a subset of 
the population included in the current analysis [13], in 
women predominantly premenopausal at diagnosis [n = 
197 cases; n = 192 premenopausal at diagnosis), found a 
significant positive association between follicular estra- 
diol with breast cancer overall (4 th vs. 1 st quartile OR: 

2.1, 95% CI: 1.1 to 4.1, P trend = 0.08), that appeared some- 
what stronger for invasive and ER+/PR+ disease. Results 
in the present study, with the addition of 317 timed 
cases, are attenuated relative to our prior findings, 
though we continue to see the suggestion of a weak posi- 
tive association for follicular estradiol and invasive breast 
cancer diagnosed in premenopausal women. In our prior 
analysis, we saw no clear association between luteal estra- 
diol and breast cancer; results in the current analysis are 
suggestive of an association between luteal estradiol and 
invasive and ER+/PR+ tumors. 

The association between circulating premenopausal 
androgens and breast cancer risk has been investigated in 
seven prospective studies [5,6,8,10-12,15], in addition to 
the NHSII [13,14]. In the EPIC cohort (n = 370 cases), 
significant positive associations with breast cancer risk 
were observed for both testosterone (4 th vs. 1 st quartile 
OR: 1.7, 95% CI: 1.2 to 2.6, P tlend = 0.01) and DHEAS 
(OR = 1.5, 95% CI: 1.0 to 2.1, P trend = 0.10) [12]. Recent 
results from the New York University Women's Health 
Study (NYUWHS) (« = 356 cases) [15], are in agreement, 
where an approximately two-fold increase in risk was 
observed in the highest quintile of both testosterone (OR: 

2.2, 95% CI: 1.3 to 3.5, P trend = 0.03) and free testosterone 
(OR: 1.9, 95% CI: 1.2 to 2.9, P trend = 0.01), though a 
weaker, non-significant positive association was observed 
with DHEAS (OR: 1.3, 95% CI: 0.8 to 2.1, P trend = 0.20). 
In our initial report in the NHSII, positive associations 
were seen for luteal testosterone (OR: 1.6, 95% CI: 0.9 to 
2-8, Ptrend = 0.10), free testosterone (OR: 1.4, 95% CI: 0.8 
to 2.5, P trend = 0.14) [13], and DHEAS (OR: 1.3, 95% CI: 
0.9 to 2.1, P trend = 0.08) [14]. In the current much larger 
study, our findings are somewhat weaker, although a 
number of associations remained statistically significant. 
Thus, overall, data from prospective studies are quite 
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consistent in showing that premenopausal androgen 
levels predict later breast cancer risk. 

In this updated analysis, with six more years of follow- 
up, we observed an attenuation of our previously pub- 
lished results, particularly for follicular estradiol. Cases 
included in the previous analysis were similar to the 
new cases with regards to case characteristics (for exam- 
ple, invasive vs. in situ, hormone receptor status, grade, 
stage), and risk factor status (for example, family history 
of breast cancer). Data from our prior reproducibility 
study [20] suggest androgens and SHBG are quite stable 
over at least three years (ICC range: 0.73 (testosterone) 
to 0.89 (SHBG)) and do not change substantially at 
menopause while ICCs for the estrogens are lower (ICC 
range: 0.33 (estrone) to 0.45 (estradiol)), and levels 
change markedly around menopause. It is possible, par- 
ticularly for the estrogens, that steroid hormones mea- 
sured closer to diagnosis are a stronger predictor of 
disease, or are most relevant to risk as promoters of 
early stage tumorigenesis. 

There are little prior data to suggest a differential effect 
of premenopausal sex steroids in relation to pre- vs. post- 
menopausal disease. In the current analysis, follicular 
estradiol was associated with a suggestively increased risk 
of premenopausal breast cancer and significantly inverse 
risk of postmenopausal disease. Given this novel finding, 
and the considerably different hormonal milieu in pre- 
vs. postmenopausal women, further investigation is war- 
ranted. Although speculative, because estradiol levels are 
substantially lower after menopause, women with higher 
premenopausal follicular estradiol may experience the 
greatest change in estradiol levels from pre- to post 
menopause, which may in turn confer a lower risk, at 
least over the short term. There is some indirect evidence 
to support a role for changes in endogenous estrogen 
levels in breast cancer etiology. For example, discontinua- 
tion of exogenous postmenopausal hormones (PMH) is 
associated with reduced proliferation in ER+ tumors [39] 
and postmenopausal weight loss, which is associated with 
a decrease in estrogen levels, is associated with lower 
breast cancer risk [40,41]. 

Our androgen/breast cancer associations appeared 
stronger in women postmenopausal at diagnosis, 
although the differences by menopausal status were not 
statistically significant. This has been evaluated in few 
other cohorts. In the NYUWHS, the association between 
testosterone and breast cancer risk was suggestively 
stronger in women postmenopausal at diagnosis (for 
doubling of testosterone: premenopausal, OR: 1.4, 95% 
CI: 0.8 to 2.3, P t rend = 0.23; postmenopausal, OR: 1.7, 
95% CI: 1.1 to 2.6, Ptrend = 0.02), although this difference 
also was not statistically significant (P for interaction > 
0.15) [15]. Similarly, in the Columbia, Missouri cohort, 
results for total testosterone and bioavailable testosterone 



were stronger among women ages 55 and older at diag- 
nosis (for example, 4 th vs. 1 st quartile, overall results for 
testosterone, OR: 3.3, 95% CI: 1.5 to 7.5, P t rend = 0.006; 
among women > 55 at diagnosis, OR: 4.5, 95% CI: 1.6 to 
13.0, Arend = 0.009) [5]. However, in contrast to these 
findings, in the EPIC study associations were somewhat 
stronger for both testosterone and DHEAS in women 
ages < 49 years at diagnosis [12]. Clearly, additional stu- 
dies are necessary to address this potential heterogeneity. 
The influence of androgens on breast tissue in a high 
estrogen environment may differ from those in a low 
estrogen environment though this hypothesis has not 
been adequately explored. Androgen levels do not change 
substantially at menopause [42,43], and prior prospective 
studies consistently link postmenopausal androgens to 
breast cancer risk [4]. Therefore, it is possible that pre- 
menopausal androgen levels are a marker for postmeno- 
pausal levels, which are then determinants of 
postmenopausal breast cancer risk. 

Among prior prospective assessments of premenopau- 
sal progesterone levels and breast cancer risk, three 
[6,8,10] of four small studies (case n < 100) found non- 
significant inverse associations, and the larger EPIC 
cohort reported a significant inverse association [12]. In 
our prior analyses in the NHSII, we observed no associa- 
tion between progesterone and breast cancer risk [13], 
and this was confirmed in the current expanded analysis. 
The ICC over three years for progesterone is 0.29, evi- 
dence that it is not well measured with one sample. Prior 
prospective studies [5-8,12,13,15] did not find a statisti- 
cally significant association between premenopausal 
SHBG and breast cancer risk, in agreement with our 
findings. 

Our study has both strengths and limitations. This is 
the largest prospective study to date, although we had 
limited power in analyses stratified by menopausal status 
at diagnosis (particularly postmenopausal cases). Our 
samples were carefully timed in the menstrual cycle. We 
used highly specific and sensitive assays, and laboratory 
CVs were excellent. Additionally, we are among the first 
to present data for premenopausal hormones and breast 
cancer by tumor hormone receptor status. Although we 
are limited to samples collected during one menstrual 
cycle, a prior reproducibility study provides evidence of 
reasonable stability across a three-year period (follicular 
estradiol: 0.38 to DHEAS: 0.86), except for luteal proges- 
terone (ICC = 0.29) [20]. We also used these reproduci- 
bility data to correct for measurement error and showed 
that several of the associations may be substantially 
stronger than observed. 

Conclusions 

In summary, this large, prospective study of circulating 
premenopausal hormones and breast cancer risk 
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provides some evidence for moderate associations 
between plasma hormones and breast cancer risk. We 
provide suggestive evidence of a role for premenopausal 
estrogens and androgens in postmenopausal disease, 
with premenopausal estrogens inversely and premeno- 
pausal androgens positively associated with postmeno- 
pausal breast cancer. However, further work is needed 
to explore the relationships between premenopausal 
hormone levels and postmenopausal disease. 

Additional material 



Additional file 1: Table SI. Quartiles of premenopausal sex steroids and 
SHBG and breast cancer risk, by menopausal status at diagnosis: Nurses' 
Health Study II, 1999 to 2009. 



Abbreviations 

BMI: body mass index: CI: confidence interval; CVs: coefficients of variation; 
DHEAS: dehydroepiandrosterone sulfate; EPIC: European Prospective 
Investigation into Cancer and Nutrition cohort; ER+: estrogen receptor 
positive; ICC: intraclass correlation coefficients; NHSII: Nurses' Health Study II; 
NYUWHS: New York University Women's Health Study; OR: odds ratio; PMH: 
postmenopausal hormones; PR+: progesterone receptor positive; RR: relative 
risk; SHBG: sex hormone binding globulin 

Authors' contributions 

RTF analyzed and interpreted the data and wrote the manuscript. AHE 
conceived of the study design, acguired the data, contributed to the 
interpretation and analysis of data, and critically reviewed the manuscript. 
DS provided statistical expertise, contributed to the interpretation and 
analysis of data, and critically reviewed the manuscript. RLB contributed to 
the interpretation of data and critically reviewed the manuscript. WCW and 
SEH conceived of the study design, secured funding, acquired the data, 
contributed to the interpretation and analysis of data, and critically reviewed 
the manuscript. All authors read and approved the final manuscript. 

Competing interests 

The authors state that they have no competing interests. 
Acknowledgements 

This study was supported by Research Grants CA67262 and CA50385 from 
the National Cancer Institute. RT Fortner is supported in part by T32 
CA09001 . 

We thank the following state cancer registries for their help: AL, AZ, AR, CA, 
CO, CT, DE, FL, GA, ID, IL, IN, IA, KY, LA, ME, MD, MA, Ml, NE, NH, NJ, NY, NC, 
ND, OH, OK, OR, PA, Rl, SC, TN, TX, VA, WA and WY. 

Author details 

1 Channing Division of Network Medicine, Department of Medicine, Brigham 
and Women's Hospital, 181 Longwood Ave, Boston, MA 02115, USA. 
2 Harvard School of Public Health, 677 Huntington Ave, Boston, MA 021 15, 
USA. 3 Harvard Medical School, 25 Shattuck St., Boston, MA 021 15, USA. 
department of Obstetrics, Gynecology, and Reproductive Medicine, Brigham 
and Women's Hospital, 75 Francis St, Boston, MA 021 15, USA. ^Division of 
Biostatistics and Epidemiology, University of Massachusetts, 715 N. Pleasant 
St., Amherst, MA 01002, USA. 

Received: 21 November 2012 Revised: 15 February 2013 
Accepted: 1 March 2013 Published: 6 March 2013 

References 

1 . Henderson BE, Feigelson HS: Hormonal carcinogenesis. Carcinogenesis 
2000, 21:427-433. 



2. Macedo LF: Role of androgens on MCF-7 breast cancer cell growth and 
on the inhibitory effect of letrozole. Cancer Res 2006, 66:7775-7782. 

3. Birrell SN, Bentel JM, Hickey TE, Ricciardelli C, Weger MA, Horsfall DJ, 
Tilley WD: Androgens induce divergent proliferative responses in human 
breast cancer cell lines. J Steroid Biochem Mol Biol 1995, 52:459-467. 

4. Key T, Appleby P, Barnes I, Reeves G, Endogenous Hormones and Breast 
Cancer Collaborative Group: Endogenous sex hormones and breast 
cancer in postmenopausal women: reanalysis of nine prospective 
studies. J Natl Cancer Inst 2002, 94:606-616. 

5. Dorgan JF, Stanczyk FZ, Kahle LL, Brinton LA: Prospective case-control 
study of premenopausal serum estradiol and testosterone levels and 
breast cancer risk, Sreasf Cancer Res 2010, 12:R98. 

6. Thomas H, Key T, Allen D, Moore J, Dowsett M, Fentiman I, Wang D: A 
prospective study of endogenous serum hormone concentrations and 
breast cancer risk in premenopausal women on the island of Guernsey. 
Br J Cancer 1997, 75:1075. 

7. Helzlsouer KJ, Alberg AJ, Bush TL, Longcope C, Gordon GB, Comstock GW: 
A prospective study of endogenous hormones and breast cancer. Cancer 
Detect Prev 1994, 18:79-85. 

8. Micheli A, (vluti P, Secreto G, Krogh V, Meneghini E, Venturelli E, Sieri S, 
Pala V, Berrino F: Endogenous sex hormones and subsequent breast 
cancer in premenopausal women. Int J Cancer 2004, 1 12:312-318. 

9. Rosenberg CR, Pasternack BS, Shore RE, Koenig KL, Toniolo PG: 
Premenopausal estradiol levels and the risk of breast cancer: a new 
method of controlling for day of the menstrual cycle. Am J Epidemiol 
1994, 140:518-525. 

10. Wysowski DK, Comstock GW, Helsing KJ, Lau HL: Sex hormone levels in 
serum in relation to the development of breast cancer. Am J Epidemiol 
1987, 125:791-799. 

11. Kabuto M, Akiba S, Stevens RG, Neriishi K, Land CE: A prospective study of 
estradiol and breast cancer in Japanese women. Cancer Epidemiol 
Biomarkers Prev 2000, 9:575-579. 

12. Kaaks R, Berrino F, Key T, Rinaldi S, Dossus L, Biessy C, Secreto G, Amiano P, 
Bingham S, Boeing H, de Mesquita HB, Chang-Claude J, Clavel-Chapelon F, 
Fournier A, van Gils CH, Gonzalez CA, Gurrea AB, Critselis E, Khaw KT, 
Krogh V, Lahmann PH, Nagel G, Olsen A, Onland-Moret NC, Overvad K, 
Palli D, Panico S, Peeters P, Quiros JR, Roddam A, ef al: Serum sex steroids 
in premenopausal women and breast cancer risk within the European 
Prospective Investigation into Cancer and Nutrition (EPIC). J Natl Cancer 
Inst 2005, 97:755-765. 

13. Eliassen AH, Missmer SA, Tworoger SS, Spiegelman D, Barbieri RL, 
Dowsett M, Hankinson SE: Endogenous steroid hormone concentrations 
and risk of breast cancer among premenopausal women. J Natl Cancer 
Inst 2006, 98:1406-1415. 

14. Tworoger SS, Missmer SA, Eliassen AH, Spiegelman D, Folkerd E, Dowsett M, 
Barbieri RL, Hankinson SE: The association of plasma DHEA and DHEA 
sulfate with breast cancer risk in predominantly premenopausal women. 
Cancer Epidemiol Biomarkers Prev 2006, 15:967-971. 

15. Zeleniuch-Jacquotte A, Afanasyeva Y, Kaaks R, Rinaldi S, Scarmo S, Liu M, 
Arslan A, Toniolo P, Shore RE, Koenig KL: Premenopausal serum 
androgens and breast cancer risk: a nested case-control study. Breast 
Cancer Res 2012, 14:R32. 

16. Rosenberg LU, Einarsdottir K, Friman El, Wedren S, Dickman PW, Hall P, 
Magnusson C: Risk factors for hormone receptor-defined breast cancer in 
postmenopausal women. Cancer Epidemiol Biomarkers Prev 2006, 
15:2482-2488. 

17. Yang XR, Sherman ME, Rimm DL, Lissowska J, Brinton LA, Peplonska B, 
Hewitt SM, Anderson WF, Szeszenia-Dabrowska N, Bardin-Mikolajczak A, 
Zatonski W, Cartun R, Mandich D, Rymkiewicz G, Ligaj M, Lukaszek S, 
Kordek R, Garcia-Closas M: Differences in risk factors for breast cancer 
molecular subtypes in a population-based study. Cancer Epidemiol 
Biomarkers Prev 2007, 16:439-443. 

18. Yang XR, Chang-Claude J, Goode EL, Couch FJ, Nevanlinna H, Milne RL, 
Gaudet M, Schmidt MK, Broeks A, Cox A, Fasching PA, Hein R, Spurdle AB, 
Blows F, Driver K, Flesch-Janys D, Heinz J, Sinn P, Vrieling A, Heikkinen T, 
Aittomaki K, Heikkila P, Blomqvist C, Lissowska J, Peplonska B, Chanock S, 
Figueroa J, Brinton L, Hall P, Czene K, ef at Associations of breast cancer 
risk factors with tumor subtypes: a pooled analysis from the Breast 
Cancer Association Consortium studies. J Natl Cancer Inst 201 1, 
103:250-263. 



Fortner ef al. Breast Cancer Research 2013, 15:R19 
http://breast-cancer-research.eom/content/1 5/2/R1 9 



Page 11 of 1 1 



19. 



20 



22. 



23. 



24. 



25. 



26. 



27. 



28. 



29. 



30. 



32. 



33. 



34. 



35. 



36. 



37. 



38. 



39. 



40. 



Colditz GA, Rosner BA: What can be learnt from models of incidence 
rates? Breast Cancer Res 2006, 8:208. 

Missmer SA, Spiegelman D, Bertone-Johnson ER, Barbieri RL, Pollak MN, 
Hankinson SE: Reproducibility of plasma steroid hormones, prolactin, and 
insulin-like growth factor levels among premenopausal women over a 
2- to 3-year period. Cancer Epidemiol Biomarkers Prev 2006, 15:972-978. 
Hankinson SE, London SJ, Chute CG, Barbieri RL, Jones L, Kaplan LA, 
Sacks FM, Stampfer MJ: Effect of transport conditions on the stability of 
biochemical markers in blood. Clin Chem 1989, 35:2313-2316. 
Judd HL, Lucas WE, Yen SS: Serum 17 beta-estradiol and estrone levels in 
postmenopausal women with and without endometrial cancer. J Clin 
Endocrinol Metab 1 976, 43:272-278. 

Mikhail G, Wu CH, Ferin M, Vande Wiele RL: Radioimmunoassay of plasma 
estrone and estradiol. Steroids 1970, 15:333-352. 
Kinouchi T, Pages L, Horton R: A specific radioimmunossay for 
testosterone in peripheral plasma. J Lab Clin Med 1973, 82:309-316. 
SodergSrd R, Backstrom T, Shanbhag V, Carstensen H: Calculation of free 
and bound fractions of testosterone and estradiol-1 7 beta to human 
plasma proteins at body temperature. J Steroid Biochem 1982, 16:801-810. 
Rosner B: Percentage points for a generalized ESD many-outlier 
procedure. Technometrics 1983, 25:165-172. 

Rosner B, Cook N, Portman R, Daniels S, Falkner B: Determination of blood 
pressure percentiles in normal-weight children: some methodological 
issues. Am J Epidemiol 2008, 167:653-666. 

Marshall RJ, Chisholm EM: Hypothesis testing in the polychotomous 
logistic model with an application to detecting gastrointestinal cancer. 

Statist Med 1985, 4:337-344. 

Rosner B, Spiegelman D, Willett WC: Correction of logistic regression 
relative risk estimates and confidence intervals for measurement error: 
the case of multiple covariates measured with error. Am J Epidemiol 
1990, 132:734-745. 

Rosner B, Spiegelman D, Willett WC: Correction of logistic regression 
relative risk estimates and confidence intervals for random within- 
person measurement error. Am J Epidemiol 1992, 136:1400-1413. 
Kaaks R, Rinaldi S, Key TJ, Berrino F, Peeters PH, Biessy C, Dossus L, 
Lukanova A, Bingham S, Khaw KT, Allen NE, Bueno-de-Mesquita HB, van 
Gils CH, Grobbee D, Boeing H, Lahmann PH, Nagel G, Chang-Claude J, 
Clavel-Chapelon F, Fournier A, Thiebaut A, Gonzalez CA, Quiros JR, 
Tormo (vl-J, Ardanaz E, Amiano P, Krogh V, Palli D, Panico S, Tumino R, ef ah 
Postmenopausal serum androgens, oestrogens and breast cancer risk: 
the European prospective investigation into cancer and nutrition. Endocr 
Relat Cancer 2005, 1 2:1 071 -1 082. 

Missmer SA, Eliassen AH, Barbieri RL, Hankinson SE: Endogenous estrogen, 
androgen, and progesterone concentrations and breast cancer risk 
among postmenopausal women. J Natl Cancer Inst 2004, 96:1856-1865. 
Zeleniuch-Jacquotte A, Shore RE, Koenig KL, Akhmedkhanov A, 
Afanasyeva Y, Kato I, Kim MY, Rinaldi S, Kaaks R, Toniolo P: Postmenopausal 
levels of oestrogen, androgen, and SHBG and breast cancer: long-term 
results of a prospective study. Br J Cancer 2004, 90:1 53-1 59. 
Yager JD, Davidson NE: Estrogen carcinogenesis in breast cancer. W Engl J 
Med 2006, 354:270-282. 

Peters AA, Ingman WV, Tilley WD, Butler LM: Differential effects of 
exogenous androgen and an androgen receptor antagonist in the peri- 
and postpubertal murine mammary gland. Endocrinology 201 1, 
152:3728-3737. 

Zhou J, Ng S, Adesanya-Famuiya O, Anderson K, Bondy CA: Testosterone 
inhibits estrogen-induced mammary epithelial proliferation and 
suppresses estrogen receptor expression. FASEB J 2000, 14:1725-1730. 
Lopez-Marure R, Contreras PG, Dillon JS: Effects of 

dehydroepiandrosterone on proliferation, migration, and death of breast 
cancer cells. Eur J Pharmacol 201 1 , 660:268-274. 
Jefcoate CR, Liehr JG, Santen RJ, Sutter TR, Yager JD, Yue W, Santner SJ, 
Tekmal R, Demers L, Pauley R, Naftolin F, Mor G, Berstein L: Tissue-specific 
synthesis and oxidative metabolism of estrogens. J Natl Cancer Inst 
Monographs 2000, 95-1 1 2. 

Prasad R, Boland GP, Cramer A, Anderson E, Knox WF, Bundred NJ: Short- 
term biologic response to withdrawal of hormone replacement therapy 
in patients with invasive breast carcinoma. Cancer 2003, 98:2539-2546. 
Eliassen AH, Colditz GA, Rosner B, Willet WC, Hankinson SE: Adult weight 
change and risk of postmenopausal breast cancer. JAMA 2006, 
296:193-201. 



42. 



43. 



Vrieling A, Buck K, Kaaks R, Chang-Claude J: Adult weight gain in relation 
to breast cancer risk by estrogen and progesterone receptor status: a 
meta-analysis. Breast Cancer Res Treat 2010, 123:641-649. 
Davison SL, Bell R, Donath S, Montalto JG, Davis SR: Androgen levels in 
adult females: changes with age, menopause, and oophorectomy. J Clin 
Endocrinol Metab 2005, 90:3847-3853. 

Kotsopoulos J, Narod SA: Androgens and breast cancer. Steroids 2012, 
77:1-9. 



doi:10.H86/bcr3394 

Cite this article as: Fortner ef a/.: Premenopausal endogenous steroid 
hormones and breast cancer risk: results from the Nurses' Health Study 

II. Breosf Cancer Research 2013 15:R19. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at 
www.biomedcentral.com/submit 



BioMed Central 



